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In this paper, the structural, electronic and magnetic properties of Zinc-blende Ga1−xVxSb compounds, with
x from dilute doping situation to extreme doping limiting, were systematically investigated by first-principles
calculations. V atoms prefer to substitute the Ga atoms and the formation energy is lower in Sb-rich than
Ga-rich growth condition. Meantime, the SbGa antisite defects can effectively decrease the energy barrier of
substitution process, from 0.85 eV to 0.53 eV. The diffusion of V atom in GaSb lattice is through meta-stable
interstitial sites with an energy barrier of 0.6 eV. At a low V concentration x = 0.0625, V atoms prefer
a homogeneous distribution and an antiferromagnetic coupling among them. However, starting from x =
0.5, the magnetic coupling among V atoms changes to be ferromagnetic, due to enhanced superexchange
interaction between eg and t2g states of neighbouring V atoms. At the extreme limiting of x = 1.00, we found
that Zinc-blende VSb as well as its analogs VAs and VP are intrinsic ferromagneitc semiconductors, with a
large change of light absorption at the curie temperature. These results indicate that Ga1−xVxSb compounds
can provide a platform to design the new electronic, spintronic and optoelectronic devices.
PACS numbers: 75.50.Pp, 71.20.-b, 75.30.-m, 75.10.Dg
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The materials with both semiconducting behavior and
robust magnetism provide the chance for utilizing the
charge and the spin characters of electrons simultane-
ously, which offers the possibility to combine logic ele-
ments and data storage in the same device.1–4 Diluted
magnetic semiconductors, which was realized in group
III-V and II-VI compounds by doping transition metal
ions,5,6 have limitations such as small net magnetiza-
tion, uncontrollable dopant distribution and low Curie
temperature (Tc).
1,2 Thus, intrinsic magnetic semicon-
ductors are more favored for the development of spin-
tronics devices. At present, semiconductor spintronics is
at a fascinating stage and expects to important material
developments.7
Gallium antimonide (GaSb) is a group III-V semicon-
ductor with the zinc-blende (ZB) crystal lattice and many
promising properties. With small effective mass and high
carrier mobility, GaSb is thought to be candidate materi-
als in metal-oxide-semiconductor devices8 and high-speed
infrared photodetectors.9 Its direct band gap can be sig-
nificantly narrowed by replacing Sb with just a small frac-
tion (around 1%) of nitrogen.10 Furthermore, GaSb is a
suitable substrate for growing other ternary and quater-
nary III-V compounds, due to good lattice matching.11
The introduction of defects or dopants has a large influ-
ence on the properties of GaSb. Tu et al. experimen-
tally demonstrated that Fe-doped GaSb is a p-type fer-
romagnetic (FM) semiconductor with Tc of 340 K at a Fe
doping concentration of 25%.12 Lin et al. predicted that
a)Electronic mail: ycliu@ysu.edu.cn or yongliu@ysu.edu.cn
the magnetic coupling among CrGa and CrSb substitution
are ferromagnetic in Cr-doped GaSb.13 Wang et al. pre-
dicted that Mn-doped GaSb exhibit ferromagnetic half-
metallic properties for different dopant concentrations.14
The inducing of vanadium (V) into GaSb was initiated
to produce semi-insulating III-V compounds several years
ago.15 Bchetnia et al. found that V has a low diffusion co-
efficient and diffuses via interstitial sites in bulk GaAs.16
Huang et al predicted that tetrahedral semiconductors
can be FM due to strong superexchange interactions.17
Because the experiments on V-doped GaSb are still lim-
ited, the energetics and dynamics of V dopants in bulk
GaSb at different V concentrations are not clear, which
are critical in determining the performance of devices
based on V-doped GaSb.
In this work, we have studied the structural, electronic
and magnetic properties of Ga1−xVxSb compounds by
the first-principles calculations. The computational de-
tails are given in the supplementary materials. The pre-
ferred occupation, magnetic configuration and diffusion
pattern of V atom were identified for the dilute V situa-
tion. Then we unveiled a magnetic phase transition from
antiferromagnetic (AFM) to FM states in Ga1−xVxSb as
V content x increases and analyse the underling mecha-
nism. At the extreme x=1.0, we predicted that ZB VSb,
as well as VP and VAs, are intrinsic FM semiconductors.
Firstly, we calculated the lattice constants a of bulk V.
Considered the strong correlation effects of V-d orbitals,
we applied the LDA + U scheme including an effective
onsite repulsion Uf = 2.7 eV.
18 The obtained a is 3.04 A˚,
consistent with the experimental values of 3.03 A˚.19 On
the contrast, the a with Uf = 0 eV is 2.98 A˚. Next, we
put a single V atom into a 2×2×2 cubic supercell with 64
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FIG. 1. The VGa,VSb, TGa, TSb and Hex site in GaSb. The
yellow and green balls are Sb and Ga atoms, respectively.
TABLE I. The formation energies Ef (eV) of single V in
magnetic (M) and non-magnetic (NM) state in bulk GaSb
under Ga- or Sb-rich growth condiction.
Position
Ga-rich Sb-rich
NM M NM M
VGa 2.394 0.291 2.070 -0.03
VSb 3.019 1.810 3.343 2.134
TGa 2.738 0.852 2.738 0.852
TSb 3.428 1.392 3.428 1.392
F 2.680 0.898 2.680 0.898
atoms to simulate a dilute doping situation when the V
atom can be seen as an isolated impurity. The formation
energy Ef of different nonequivalent doping sites of V
were examined in Ga-rich or Sb-rich growth condition
(see the supplementary materials). As shown in Fig. 1,
these positions include the substitution of Ga atom (VGa)
or Sb atom (VSb), tetrahedral site coordinated with four
Ga (TGa) or Sb (TSb) atoms, hexagonal (Hex), bond-
center (B) site. A Frenkel defect (F), in which a V atom
occupies the Ga site and repels original Ga atom to an
adjacent TGa site, was also considered. Both magnetic
and non-magnetic states of V atom were considered.
We found that the V atom on Hex site and B site are
not stable. They will transfer to TGa and F configura-
tion, respectively. The Ef of stable configurations are
shown in Table. I. The V atom in GaSb prefers to sub-
stitute the Ga site (VGa) in the magnetic state, and the
Ef is smaller in Sb-rich than Ga-rich growth condition.
That is consistent with the experiment where the atomic
percentage of Sb is higher than that of Ga in the region
with vanadium precipitated.20 We also calculated the Ef
of single V dopant in GaSb with Uf = 0 eV and Uf =
3.5 eV. The results also show that the VGa is the most
stable doping configuration, as shown in Fig. S1.
The band structures for pristine GaSb and single V-
doped GaSb are displayed in Fig. 2(a) and 2(b). The
bands with V component are located in both the valence
bands and conduction bands, which is consistent with the
experiment that no deep levels were found in the band
gap in V-doped GaSb.21 Compared with pristine GaSb,
the band gap of dilute V-doped was enlarged from 0.40
eV to 0.54 eV. Due to the local tetrahedral crystalline
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FIG. 2. (c) Band structure of 2 × 2 × 2 supercell of pristine
GaSb and single V doped GaSb. (d) The projected density
of states of V and neighbouring Sb atoms.
field, the 3d orbitals of V atom are split to lower dou-
ble degenerated eg (dz2 and dx2−y2) orbitals and higher
three-fold degenerated t2g (dxy, dyz, and dzx) orbitals.
The PDOS of V-eg and t2g orbitals have partly overlap
in valence bands (see Fig. 2(c)). Meanwhile, the PDOS of
spin-up and spin-down eg orbitals are separated and lo-
cated at the valence bands and conduction bands. Thus,
the exchange splitting is larger than the crystalline field
splitting in V-doped GaSb. The t2g orbitals of V atom
hybridize with the 5p orbitals of surrounding Sb atoms
(see Fig. 2(d)), while the V-eg orbitals are localized due
to th weak hybridization with the Se-sp orbitals as a re-
sult of the incompatible symmetry between them.22 The
asymmetric PDOS of 3d orbitals create a magnetic mo-
ment of 2.340 µB per V atom. The neighboring Sb atoms
carry a total negative magnetic moment of -0.312 µB , re-
spectively. Thus, the coupling between the spin of V
atom and neighbouring Sb atoms is AFM.
The direct diffusion pathway of V atom in GaSb can
proceed through interstitial sites along a TGa − Hex −
TSb trajectory (see Fig. 1). The interstitial TGa and
TSb site are meta-stable positions. V atom has a higher
Ef in TSb site than in TGa site, due to larger repulsion
from negative Sb ions with larger ion radius (see table. I).
The diffusion barrier is estimated to be about 0.60 eV
(see Fig. 3(a)) by Nudged Elastic Band (NEB) method,23
which is smaller than that of V diffusion in GaAs (1.51
eV)16 and GaN (2.9± 0.4 eV).24
Seen from Fig. 1, a V atom at the TGa site can kicks
a Ga atom out of its equilibrium position to an adja-
cent TGa site, and substitute the Ga vacancy. By NEB
methods, we estimated that energy barrier ∆E to over-
come during such a substitution process was 0.85 eV (see
Fig. 3(b)). However, the intrinsic defects of GaSb will
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FIG. 3. (a) The energy profile for a V dopant diffuses along
the TGa−Hex−TSb pathway. (b) The energy profile for a V
dopant at TGa substituting the Ga site without and with an
antisite SbGa appear nearby.
affect the V substitution process. The main defect in
Sb-rich growth condition was SbGa antisite that a Sb oc-
cupies the Ga site.25 When a V atom is at the TGa site
and a nearby SbGa antisite appears at the same time, the
extra repulsion from SbGa antisite makes the V substi-
tution process occur more easily, as the barrier ∆E was
decreased to be 0.53 eV through the NEB calculations.
Thus, Sb-rich growth condition is favored for the V sub-
stitution of Ga, due to the decrease of both Ef of VGa
and barrier ∆E of V substitution process.
When the V content increases, magnetic coupling
among local magnetic moments of different V atoms have
to be considered. By substituting more Ga atoms by V
atoms in GaSb supercell, we simulated the Ga1−xVxSb
compounds at x = 0.0625, 0.25, 0.5, 0.75 and 1.00.
It is possible to prepare materials with high enough
dopant concentration by employing thermal nonequilib-
rium preparation mechanisms, such as the growth of thin
films and spinodal decomposition.7 The current model is
mainly used as a theoretical model to demonstrate the ex-
istence of magnetic phase transition in Ga1−xVxSb com-
pounds as the V content increases, which is expected to
be observed in the experiment.
We introduced two VGa defects into the 64-atom super-
cell, which corresponds to x = 0.0625. We considered the
NM, FM and AFM states for different structures, and cal-
culated the corresponding total energy. Meanwhile, we
also examined the GaSb supercell with a VGa and a VSb
defect, and found that it have an energy 1 ∼ 2 eV higher
than that of configurations with two VGa defects. We
calculated the total energy as a function of V separation
d0i which presents the distance between V atoms at the
reference 0 site and the ith site (see Fig. 4(a)). The mag-
netic coupling will occur between V atoms, because both
FM or AFM states have lower energy than NM states.
The stable configuration is AFM state even for two VGa
with a long distance. That is consistent with previous
work which predicted that V-V exchange coupling con-
stants in III-V compounds were negative at a long dis-
tance, using Korringa-Kohn-Rostoker coherent potential
approximation (KKR-CPA) Greens function method.26
The AFM coupling between V at low doping region is
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FIG. 4. (a)The total energy of V-doped GaSb at V content
of x = 0.0625 as a function of V separation d0i. d0i is the
distance between V at the substitutional site 0 and site i, as
displayed in the inset. (b) The energy difference between FM
and AFM states of the most stable configuration at each x.
similar to the AFM coupling of Co in ZnO.27 In AFM
states, the spin orientation of the V atoms and neigh-
bouring Se atoms is opposite (see Fig. S2). The rep-
resentative PDOS of d02, as displayed in Fig. S3 (a),
indicates that Ga1−xVxSb compounds is semiconducting
at x = 0.0625. Moreover, the energy difference between
different AFM configurations is less than 0.015 eV, in-
dicating that V atoms tend to distribute homogeneously
at low V concentrations. We also performed the same
calculations with Uf = 0 eV and Uf = 3.5 eV. The ob-
tained results also indicate the stable magnetic coupling
between VGa defect is AFM, as shown in Fig. S4.
By substituting more Ga by V atoms in GaSb super-
cells, we simulated the Ga1−xVxSb compounds at x =
0.25, 0.50, 0.75 and 1.00. For each x value, a number of
initial geometrical configurations in NM, FM and AFM
states were fully relaxed to distinct stable structures. We
selected the one with the lowest energy at each x under
study. These lowest-energy structures are shown in Fig.
S5. As NM states have much higher energy, Fig. 4(b)
only shows the energy difference between the FM and
AFM states in most state structures at each x. As the
V content x increases to be above 0.5, the ground-state
magnetic ordering of Ga1−xVxSb changes from AFM to
FM. Thus, there is a competition between the FM and
AFM state of Ga1−xVxSb at different V content x.
As Ga1−xVxSb compounds has a band gap (see Fig.
S3), the super-exchange interaction dominates its mag-
netic behavior.26 Based on the Goodenough-Kanamori-
Anderson (GKA) superexchange theory,28 the bonding
angle of the tetrahedral crystal is 109.5◦, which allows
both AFM and FM superexchange interaction among V
atoms. Compared to the NM state, the energy gain per
V atom for AFM coupling is give by4
∆EAFM ∝ x |h1|
2
ε↑t2g − ε↓t2g
, (1)
and the energy gain for FM coupling is give by4
∆EFM ∝ 2x |h2|
2
ε↑t2g − ε↑eg
, (2)
4where εt2g and εeg are the energy of t2g and eg levels, re-
spectively. h1 refers to the hopping element between the
two t2g states on neighbouring V ions. h2 represents the
hopping element between the e↑g state and the t
↑
2 state on
the neighbouring V ions. The |t2| is expected to be con-
siderably smaller than the |t1|, since the eg orbitals are
localized. But denominator in Eq. 2, which represents
the strength of crystalline field splitting, is smaller than
that of Eq. 1 which represents the exchange splitting in
V-doped GaSb. At small V content, Fig. 4(a) indicates
that the ∆EAFM is little larger than ∆EFM . There-
fore, Ga1−xVxSb compounds prefer the AFM states at
x = 0.0625. Both h1 and h2 will increase as the x in-
creases. Considering the prefactor of Eq. 2 is twice as
much as that of Eq. 1, the ∆EFM will become larger
than ∆EAFM at a critical x. The critical x is about the
0.5 in our calculation (see Fig. 4(b)). Thus, as the V con-
tent increases, the superexchange FM coupling between
the eg state and the t2g state on the neighbouring V
atoms dominate the magnetic properties of Ga1−xVxSb
compounds and make FM state become the ground state.
The ZB VSb represents the extreme doping limit of
x = 1.0. Though ZB VSb was a meta-stable phase com-
pared to its NiAs-phase,29 it may can be grown epitaxi-
ally on some appropriate substrates in the form of suffi-
ciently thick layers.29,30 The ground state of ZB VSb is
in FM state (see Fig. S6). Using more accurate Heyd-
Scuseria-Ernzerhof (HSE) hybrid functional,31 the band
structure indicates that ZB VSb is FM semiconductors
(see Fig. 5(a) and Fig. S7). Around -4 eV, the spin-
up V-eg bands can be seen. They are flat indicating
weak hybridization with the sp orbitals of neighbouring
Sb atoms. The next bands are the bonding states of hy-
bridizing between Sb-5p orbitals and V-t2g orbitals for
both spin-up and spin-down electrons. As energies of
Sb-5p orbitals are lower than that of V-3d orbitals, the
contribution of Sb-5p to bonding state is larger than that
of V-t2g. The corresponding anti-bonding states are lo-
cated in conduction bands. The valence band maximum
at the Γ point and conduction band minimum at the W
point are mainly from the spin-down Sb-p orbitals and
spin-up V-t2g orbitals, respectively. We expanded the
current calculations to other analogs including ZB VAs
and VP which are also FM semiconductors (see Fig. 5).
We adopted Heisenberg Hamiltonian to describe these
FM VX (X = Sb, As and P) (see the computational de-
tails in the supplementary materials.). The exchange in-
teractions J1 and J2 are obtained by the relations be-
tween energy and spin configuration (see Figure S8 and
Table. S1). By MC simulations, the Tc was estimated
to be about 100, 400 and 650 K for ZB VSb, VAs, and
VP, respectively (see Fig. S9). The high Tc of ZB VP is
consistent with previous work.17
At last, we found that VX (X = Sb, As and P) hap-
pen a semiconductor-to-metal transition between the FM
and NM state through the band calculations. As a result,
the absorption coefficient32 of VX present a large differ-
ence at Tc (see Fig. 5(d)), which indicates their potential
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FIG. 5. The band structure of ZB (a) VSb, (b) VAs and (c)
VP with Uf = 2.7 eV. The red and black line represent the
spin-up and spin-down bands, respectively. (d) The absorp-
tion coefficients of VSb , VAs and VP in FM phase and VSb
in NM phase as a function of photon energy from 0 to 5 eV.
applications in switching and sensor devices.
In summary, we have investigated the structure and
magnetism of Ga1−xVxSb compound by first-principles
calculations. V atoms are likely to substitute the Ga
atoms in Sb-rich growth condition, due to the smaller
formation energy and smaller barrier of substitution pro-
cess with the help of antisite SbGa defects. The diffusion
of V atom is through a TGa−Hex−TSb trajectory with
a barrier of 0.60 eV. At low doping concentrations, V
atoms prefer to form a homogeneous distribution with
antiferromagnetic coupling. However, the magnetic cou-
pling among V dopants changes to ferromagnetic when
the V content x increases to be above 0.50. The en-
hanced superexchange interaction between eg and t2g or-
bitals of neighbouring V atoms dominates the magnetic
ground state at high V content. At the extreme x=1.0,
Zinc-blende VSb as well as VAs and VP are ferromag-
netic semiconductors. Their absorption abilities happen
a large change at Curie temperature, which is desirable
for switching and sensor application. These results pro-
vide a guide for further experimental study and the de-
sign of new spintronic and optoelectronic devices.
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